Abstract: Solid-solution nanocrystalline powder, (Ti,V)C, was prepared via high-energy milling of Ti-V alloys with graphite. The synthesis process was investigated in terms of the phase evolution by analyzing XRD data. The rapid sintering of nanostuctured (Ti,V)C hard materials was performed by a pulsed current activated sintering process. This process allows quick densification to near theoretical density and inhibits grain growth. A dense, nanostructured (Ti,V)C hard material with a relative density of up to 100% was produced by simultaneous application of 80 MPa and a pulsed current for 2 min. The microstructure and mechanical properties of the resulting binderless (Ti,V)C were investigated. †
INTRODUCTION
TiC is one of the promising ceramic materials, because it exhibits unusual combinations of physical and chemical properties such as high hardness, high melting point and excellent resistance to oxidation. It is used extensively in cutting tool and abrasive materials in composite with a binder metal, such as Ni or Co. But, this binder phase reduced hardness and has inferior chemical characteristics to the carbide phase [1] . Hence, the development of binderless TiC is need for the applications requiring a high hardness and oxidation resistance. The low toughness of titanium carbide, however, leads to structural failures during highspeed machining, resulting in a shortened tool life [2, 3] . One approach, commonly utilized to improve fracture toughness, has been to form solid solution carbide and make nanostructured materials [4] .
Nanocrystalline materials have recently received significant attention in the area of advanced engineering materials due to their improved physical and mechanical properties [5, 6] . Recently, nanocrystalline powders have been developed via the spray conversion process (SCP), a thermochemical and thermomechanical process, co-precipi- [7] [8] [9] . The sintering temperature of high-energy mechanically-milled powder is lower than that of unmilled powder due to the increased reactivity, internal and surface energies, and surface area of the milled powder, which contribute to its so-called mechanical activation [10] [11] [12] . However, the use of conventional methods to consolidate nanopowders often leads to grain growth due to the extended time for sintering. Generally, the grain growth could be minimized by sintering at lower temperatures and for shorter times. In this regard, the pulsed current activated sintering (PCAS) technique has been shown to be effective in the sintering of nanostructured materials in a very short time (typically within 2 min) [13] [14] [15] . The pulse on-off time of PCAS is shorter 10 3 times than that of spark plasma sinering (SPS).
In this work, the synthesis of (Ti,V)C using high-energy ball milling and sintering of (Ti,V)C was investigated using the PCAS method which removed the need for binders. The goal of this research is to produce a dense, fine-grained, binderless (Ti,V)C hard material. The microstructure and mechanical properties specific to binderless (Ti,V)C were also studied.
EXPERIMENTAL PROCEDURE
(Ti,V)C powder was produced using Ti-V alloy powders (99.9% purity, 150 μm avg. particle size, Ti:V = 80:20 wt%).
In-Jin Shon, Hyoung-Gon Jo, and Hanjung Kwon These were mixed with graphite to attain target compositions equivalent to (Ti 0.8 V 0.2 )C. The powders were subjected to high-energy ball milling using a planetary mill (Model Pulverisette 5, Fritsch, Germany). Tungsten carbide balls were mixed with Ti-V alloy and graphite at ball-to-powder weight ratios of 20:1. The milling time was 20 hr. A stainless steel bowl was used, and all milling was conducted at a speed of 250 RPM. The powders were placed in a graphite die (outside diameter, 35 mm; inside diameter, 10 mm; height, 40 mm) and then introduced into the pulsed current activated sintering (PCAS) apparatus shown schematically in Ref [13] [14] [15] . The four major stages in the sintering are as follows. The system was evacuated (stage 1), and a uniaxial pressure of 80 MPa was applied (stage 2). A pulsed current (on time: 20 μs; off time: 10 μs) was then activated, and maintained to until the densification rate was negligible, as indicated by the real-time output of sample shrinkage. Shrinkage was measured using a linear gauge to determine the vertical displacement. (stage 3). The temperatures were measured, using a pyrometer focused on the surface of the graphite die. At the end of the process, the sample was cooled to room temperature (stage 4). The process was carried out under a vacuum of 5.33 Pa.
The relative density of the sintered sample was measured using the Archimedes method. Compositional and microstructural analyses of the products were made through X-ray diffraction (XRD) and TEM. The Vickers hardness was measured by performing indentations at a load of 30 kgf and a dwell time of 15 s. The grain size of the (Ti,V)C was calculated from the full width at half-maximum (FWHM) of the diffraction peak using the formula of Suryanarayana and Norton [16] .
where B r is the full width at half-maximum (FWHM) of the diffraction peak after instrumental correction; B crystalline and B strain are FWHM caused by small grain size and internal stress, respectively; k is a constant (with a value of 0.9); λ is wavelength of the X-ray radiation; L and η are the grain size and internal strain, respectively; and θ is the Bragg angle. The parameters B and B r follow Cauchy's form with the relationship: B = B r + B s , where B and B s are the FWHM of the broadened Bragg peaks and the standard sample's Bragg peaks, respectively. Figure 1 shows XRD results pertaining to the milled powders following the high-energy milling of the mixtures of Ti-V alloy and graphite. At a milling time of 20 hr, only the (Ti,V)C phase was observed. From this result, (Ti,V)C was synthesized from (Ti,V) alloy and graphite during the high-energy ball milling. The peaks of the (Ti,V)C broad-
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